in both serum glucose and insulin with sucralose ingestion, despite no calories being consumed (unpublished findings). The present study was designed to extend the work of Jenkins et al. and to compare the effects of artificially-and sugar-sweetened soda consumption on blood glucose and insulin in non-diabetic men.
Introduction
While sugar-sweetened beverage consumption has fallen somewhat in recent years [1] , it remains relatively high [2] [3] [4] . During this time, we have seen the rise in the use of artificial, no-calorie sweeteners such as aspartame and sucralose (Splenda®) within beverages, due in part to consumer interest in reducing the caloric load. The overarching thought is that by reducing sugar and calorie intake, body weight/ body fat can be reduced, while accompanying health benefits such as a reduction in the risk of type II diabetes and cardiovascular disease can be realized [5, 6] . While it is difficult to argue the point that calorie load is reduced when switching from sugar-sweetened soda to artificiallysweetened soda, other issues have been raised related to consumption of the latter.
Aside from concerns related to cancer risk [7] [8] [9] and associated problems [10] [11] [12] [13] , some epidemiology studies suggest that long-term intake of the artificially-sweetened beverages may prove detrimental to metabolic health. For example, Fagherazzi and colleagues noted an increased risk of type II diabetes with intake of artificially-sweetened beverages [14] . In opposition to these findings, others have noted that any associated type II diabetes risk is due mostly to lifestyle factors and not necessarily to the ingestion of artificially-sweetened beverages [15] . The mixed results, coupled with increased consumer interest in the consumption of artificially-sweetened beverages, warrant further investigation.
The possibility that high quantities of the artificially-sweetened drinks may induce an insulin spike is a topic of regular discussion in the lay press, perhaps partly fueled by a 2013 study performed by Jenkins and colleagues. In this work, which was presented in abstract form at FASEB, investigators compared the glucose and insulin response to two artificial sweeteners (sucralose and etythritol) during a 120-minute postprandial period. The authors noted a slight increase
Independent variable
Subjects were randomly assigned in double-blind manner using a crossover design to one of four conditions. Subjects reported to the lab on four different days (separated by approximately 1 week) and received one of the following conditions on each day. Subjects were provided 20 ounces of the beverage and allowed up to 10 minutes to consume the entire amount; although most subjects consumed the beverage in less than five minutes.
1. Carbonated water (which was colored orange using food coloring to match the color of the soda) 2. Diet soda (Diet Rite; splenda/sucralose sweetened; 0 calories) 3. Diet soda (Sunkist; aspartame sweetened; 0 calories) 4 . Regular soda (Sunkist; high fructose corn syrup and sugar sweetened; 285 calories) Aspartame was chosen as one of the artificial sweeteners due to its ubiquitous use in diet sodas. Sucralose was chosen as the second artificial sweetener, as this is gaining popularity and is now available in select diet sodas, as well as other diet beverages. Each of the above beverages was provided at 20 ounces in "orange" flavor and poured into a cup by a research assistant. The volume provided a sugar content (for the regular soda; 70 grams) similar to a typical oral glucose tolerance test. No other food or beverages were allowed during the two-hour study period.
Test visit procedures
Subjects reported to the lab a total of four times during the morning hours. Testing begin at approximately 6:00-7:00 am. Subjects reported in an overnight fasted state, without having consumed alcohol or caffeine within the past 24 hours. Subjects were instructed to obtain at least seven hours of sleep during the night prior to testing. Subjects should not have performed strenuous physical exercise within the past 24 hours.
Upon arrival at each visit, subjects rested quietly for 20 minutes and then had a baseline blood sample collected. Then they received their assigned beverage and consumed the entire 20 ounces. They rested quietly for the next two hours and had additional blood samples taken at 30, 60, 90, and 120 minutes (the clock began when they initiated consumption of the beverage). Blood pressure and heart rate were measured at the times above using an automated unit. Subjects rated their overall appetite using a numeric (0 [no appetite at all] -10 [extreme appetite]) scale at each collection time, as some evidence suggests that artificial sweeteners may blunt appetite. Subjects relaxed in the lab and watched TV, used the computer, listened to music, or read during the time period.
Blood collection
Blood was collected from subjects' forearm vein using a needle and Vacutainer containing no additive. Approximately 7 mL of blood was collected at each time (pre, 30 min, 60 min, 90 min, 120 min post beverage ingestion). The collected samples were allowed to clot for 30 minutes at room temperature and then processed in a refrigerated centrifuge to obtain serum. The serum was stored in multiple aliquots at -70 degrees Celsius until analyzed for glucose and insulin within two months of collection. Glucose was determined using standard enzymatic procedures as described by the reagent manufacturer (Thermo Fisher Scientific; Waltham, MA). Insulin was determined using a solid phase enzyme linked immunosorbent assay (ELISA) kit following the instructions of the manufacturer (Calbiotech; Spring Valley, CA). All assays were performed in duplicate on first thaw. The coefficient of variation for the glucose and insulin assays was 8.1% and 5.4%, respectively.
Dietary intake and records
All subjects were instructed to consume their usual diet throughout the study period and to record all food and drink consumed during the 24 hours prior to each test day. During the day prior to test days 2, 3, and 4 subjects were instructed to replicate the intake they reported during the day prior to test day 1. Hence, dietary intake should have been very similar during the days prior to each test day. Diet records were analyzed for nutrient intake using Food Processor Pro (ESHA Research, Salem, OR) computer software.
Statistical analysis
Data were analyzed using a (4) condition x (5) time repeated measures analysis of variance. Post hoc testing was performed as necessary. Data are presented as mean ± standard error of the mean. All analyses were performed using JMP statistical software (version 4.0.3, SAS Institute, Cary, NC). Statistical significance was set at P ≤ 0.05.
Results
All subjects successfully completed all four test sessions. However, following analysis of blood samples, one subject's data were removed from the analysis due to invalid measures. It was suspected that the subject ate prior to reporting to the lab and this caused his baseline values for glucose and insulin to be elevated. Hence, only data for 11 subjects are included in the results.
Regarding dietary data, no differences were noted between conditions for any measured variable (p>0.05; Table 2 ). Regarding heart rate, no effects were observed (p>0.05). For systolic blood pressure, a condition effect was noted (p=0.006), with regular soda higher than club soda. For diastolic blood pressure, a condition effect was noted effect (p<0.0001) were noted, with values increasing at 30 min post ingestion for the regular soda only. The condition effect failed to reach significance (p=0.07). Data for glucose are provided in Figure 1 . For serum insulin, both an interaction effect (p<0.0001) and a time effect (p<0.0001) were noted, with values increasing at 30 min and 60 post ingestion for the regular soda only. The condition effect was also of significance (p<0.0001), with values higher for regular soda compared to all others. Data for insulin are provided in Figure 2 .
(p=0.0004), with regular and aspartame sweetened soda higher than club and sucralose sweetened soda). A time effect was also noted for diastolic blood pressure (p=0.01), with values at 30 min and 120 min higher than baseline (0 min). A time effect was also noted for appetite (p<0.0001), with values at 120 min higher than values at 0, 30, and 60 min. Data are presented in Table 3 .
For serum glucose, both an interaction effect (p<0.0001) and a time Table 3 . Heart rate, blood pressure, and appetite in healthy men before and following ingestion of four different beverages.
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Discussion
Data from the present study confirm two items of importance: First, ingestion of a sugar-rich beverage results in a massive rise in insulin that can persist for approximately 60-90 minutes following consumption. Second, consumption of 20 ounces of artificiallysweetened sodas containing sucralose or aspartame does not result in any acute elevation in blood sugar or insulin during a two-hour postprandial period. Based on these findings, there is no reason to believe that ingestion of artificially-sweetened beverages is responsible for promoting insulin resistance over time. Any such change in insulin sensitivity linked to high intake of artificial sweeteners is likely a function of the excess calories and processed ingredients often included within artificially-sweetened food products.
The rise in glucose and insulin levels after consuming regular, sugarsweetened soda was expected and agrees with prior studies involving ingestion of glucose loads [16] . These sugar-sweetened sodas contain large amounts of quickly absorbable "simple" carbohydrates and are typically ingested in large quantities in relatively short period of time [17] . These factors are concomitant with increased blood glucose levels [17] , which result in increased secretion of insulin. Insulin lowers blood glucose by increasing glucose uptake into skeletal muscle and fat, while also decreasing glucose production by the liver [18] . However, frequent and prolonged spikes in glucose and insulin can be detrimental to metabolic health-which may be the case if consumers are ingesting these sugar-sweetened sodas frequently throughout the day.
Intermittent spikes in blood glucose appear more detrimental than chronically stable high glucose levels [19] [20] [21] [22] . These fluctuations cause increased oxidative stress and apoptosis of various cells, particularly pancreatic islet β-cells [19] [20] [21] [22] [23] . β-cells produce and secrete insulin in response to elevated glucose levels and repeated fluctuations of glucose can lead to β-cells dysfunction and apoptosis [22, 23] . Altered and inhibited β-cells fail to regulate the excess blood glucose, ultimately leading to hyperglycemia and hyperinsulinemia [24] [25] [26] . Thus, β-cell dysfunction becomes one of the main mechanisms for an individual to develop Type II diabetes [24] .
Disruptions in glucose and insulin levels also affect other metabolic pathways, specifically fatty acid mobilization. Hormone sensitive lipase (HSL) plays a major role in the mobilization of stored fatty acids and overall energy homeostasis [27, 28] . In a postprandial state, however, elevated insulin prevents the activation of HSL, therefore disrupting the mobilization of fatty acids from triglyceride stores [29] . This may negatively impact the ability to use fats as a fuel source in an attempt to decrease body fat. HSL is also expressed in β-cells, which coupled with the complications β-cells experience due to fluctuations of high glucose levels, could also lead to decreased insulin sensitivity. Our findings demonstrate that ingestion of regular sugar-sweetened soda leads to elevated insulin for a period of up to 90 minutes post ingestion. Considering that individuals may consume regular soda frequently throughout the day, this practice may prove highly problematic to metabolic health if maintained over time.
Our study demonstrates clearly that from a metabolic standpoint, artificially-sweetened soda is a better choice than regular sugarsweetened soda. Both glucose and insulin were essentially unaffected by intake of the artificially-sweetened soda, confirming that consumption of these beverages should not be of concern with regards to metabolic health or the development of insulin resistance. Therefore, individuals who are looking for a better alternative to regular sugar-sweetened soda may consider soda that is sweetened with either aspartame or sucralose. Even when consumed at a volume of 20 ounces, there is no increase in blood glucose and ensuing insulin. Moreover, based on our findings, there appears no reason to believe that a higher volume of artificially-sweetened soda would lead to elevated glucose or insulin. Our findings are in reference to young, healthy men. Future study is needed to extend these findings to women and to those who may be metabolically compromised, in order to determine if similar findings are observed.
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